Nanostructured block copolymer electrolytes composed of organic and inorganic moieties have the potential to enable solid-state batteries.
INTRODUCTION
Block copolymer electrolytes have the potential to enable solid-state batteries by providing independently tunable ion conduction and mechanical properties. The majority of experimental work in the field has focused on copolymers of organic molecules where one block preferentially solvates ions, while the other is mechanically rigid. The two blocks can phase separate into a variety of morphologies with features on the order of nanometers. These nanostructured morphologies have been well characterized both theoretically and experimentally. 1, 2 What is relevant to practical uses of these materials, however, is the relationship between nanoscale morphology and the dynamics of ion transport. Commonly, bulk conductivity measured on macroscopic samples is used as a metric of the efficacy of ion transport. [3] [4] [5] [6] [7] [8] Self-diffusion coefficients of the ions measured by pulsed-field gradient NMR provide insight into ion transport on more local length scales. [9] [10] [11] Helfand, Fredrickson, and coworkers have established a theoretical framework for understanding the diffusion of molecules across microphase separated block copolymers. [12] [13] [14] [15] [16] [17] Microphase block copolymer form ordered structures wherein coherent order is restricted to regions called grains.
Molecular transport of a tracer molecule within individual grains is
anisotropic for lamellar and cylindrical morphologies. Diffusion in these morphologies can be decoupled into the individual diffusivities along directions parallel and perpendicular to the interfaces between microphases.
Building on that work, there have been a number of experimental investigations of diffusion aimed at measuring these distinct diffusion coefficients. Experimental studies on macroscopically aligned lamellar or cylindrical samples have shown that the diffusion coefficient parallel to the lamellae or cylinders, D ¿∨¿¿ , is larger than the perpendicular diffusion coefficient,D ⊥ . [18] [19] [20] [21] Experimental work has shown that the average diffusion coefficient is continuous across the order-disorder transition. 22, 23 There are, however, no studies of the dependence of the diffusion coefficients D ¿∨¿¿ and D ⊥ on temperature across an order-disorder transition. In a related study, Majewski et al. measured ionic conductivity in the parallel and perpendicular directions in macroscopically aligned cylindrical block copolymer electrolytes across an order-disorder transition. 24 Polyhedral oligomeric silsesquioxanes (POSS) are silica nanoparticles with the empirical formula RSiO 1.5 , where R is an organic functional group or hydrogen. POSS-containing block copolymers have been used in several applications including drug-delivery, battery electrolytes, and lithography templates. 25, 26 When combined with poly(ethylene oxide) (PEO), POSS has been used to make solid polymer electrolytes with star-shaped, brushgrafted, clustered, or crosslinked structures. [27] [28] [29] [30] [31] In his work, we use a PEO-POSS block copolymer mixed with a lithium salt to study ion transport across an disorder-order transition. We measure the parallel and perpendicular diffusion coefficients,D ¿∨¿¿ and D ⊥ , of the ions across the phase transition.
EXPERIMENTAL

Materials
Poly(ethyelene oxide)-b-poly(silesquioxane) with 5 kg/mol of PEO and 1 kg/mol of POSS (PEO-POSS(5-1)) was synthesized as described previously.
[Gumi paper] The chemical structure of the block copolymer is shown in 
Small-angle X-ray Scattering
The morphology of the electrolyte was determined by small-angle x-ray scattering (SAXS). The SAXS sample was prepared by pressing the electrolyte at 90°C into 1 mm thick rubber spacers with a 1/8 in. innerdiameter and sealed with Kapton windows in custom-designed airtight holders. The samples were annealed at 110°C under vacuum for at least 24 h. Measurements were performed at beamline 1-5 at the Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC National Accelerator Laboratory. Samples were mounted in a custom-built heating stage and held at each temperature for at least 30 min before measurement. Silver behenate was used to determine the beam center and sample-to-detector distance. The scattered intensity was corrected for beam transmission. Twodimensional scattering patterns were integrated azimuthally using the Nika 
Pulsed-Field Gradient NMR
All NMR samples were packed into 5 mm tubes in an argon-filled glovebox and sealed with high pressure caps. Diffusion measurements were performed on a Bruker Avance-600 spectrometer fitted with a broadband probe and variable temperature unit. Single peaks were observed for 7 Li and The equation for anisotropic diffusion in planar structures is 11, 33 I=I 0 1 2
where I is the intensity of the signal, I 0 is the initial intensity at low gradient strength, γ is the gyromagnetic ratio, δ is the length of the gradient pulse, g is the strength of the gradient pulse, Δ is the diffusion time, and θ is an integration angle, corresponding to all the possible orientations of the nanostructure with respect to the gradient axis. In order to expedite the fitting algorithm, a modified diffusion decay equation was use to fit the data.
Eq. 1 can be simplified to
were erfi is the imaginary error function. Eq. 1 and Eq. 2 are mathematically equivalent, but eq. 2 is easier to compute using iterative minimization algorithms and provides for faster and better fits to D ¿∨¿¿ and D ⊥ . All data was fit to eq. 2 with the constraint D ¿∨¿>D ⊥ ¿ using a nonlinear least-squares algorithm. This may be due to the high density of Si atoms present in the POSS that is expected to dominate the scattering intensity. indicative of anisotropic diffusion within lamellae. 11, 33 There is more scatter in the Li data due to the lower signal-to-noise of 7 Li NMR relative to 19 F. A commonly used parameter to quantify anisotropic diffusion is 35, 36 a=
RESULTS
Azmuthally
We define a AVG as the average value of a for Li and TFSI, a AVG =(a Li +a TFSI ) /2.
For isotropic diffusion, a=0. If diffusion is perfectly anisotropic and no ions move perpendicular to the lamellae, a=1. The average degree of anisotropy a AVG is also plotted in Fig. 6(a) . It is clear that in the disordered state below both a AVG is zero and the area under the second order peak is negligible. At the temperatures above the disorder-order phase transition, the polymer becomes microphase segregated as shown in Fig. 6(b) , and botha AVG and the area under the second order peak increase. Diffusion anisotropy is closely correlated with the segregation strength.
CONCLUSION
The self-diffusion of Li and TFSI ions across a disorder-lamellar phase transition in a PEO-POSS block copolymer was studied using SAXS and PFG- 
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